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COLD-AIR INVESTIGATION OF A 31-STAGE FAN-DRIVE

TURBINE WITH A STAGE LOADING FACTOR OF &
DESIGNED FOR AN INTEGRAL LIFT ENSINE
| - TURBINE DESIGN AND PERFORMANCE OF FIRST STAGE
by Warren J. Whitney, Harold J. Schum, and Frank P. Behning
Lewis Research Center

SUMMARY

The procedure for designing a 3-%-smge turbine to drive the fan of an integral lift
engine is presented. The conditions imposed by the engine result in a turbine with low
blade speed, high stage loading factor, a moderately high specific-mass-flow require-
ment. and an outlet radius ratio of 0. 3.

The firr* stage of the fan-drive turbine (which was initially designed to accommo-
date the flew (cundidions out of the high-pressure turbinz) was modified to operate with
axial inlet conditions by removing the prewhirl vanes and cutting back the leading edge
of the stato:- blades. "This stage was investigated as a single-stage turbine in cold air.
The highes! efficiency obtained at the design stage loading factor was 0. 87, which was
indicated at 116 percent of design speed and a total-pressure ratio of 1,415, This effi-
ciency was U, 012 lower than that estimated by a reference prediction method. This re-
sult coir cided closely with that obtained .rom a similar type single-stage reference
turbine when compared at the same Reynolds number. The highest efficiency obtained
for the turbine was 0. 89 at 120 perrent design speed and a total-pressure ratio of 1,27,
A peak efficiency was not defined by the range of test conditions,

The cfiiciency at design specific work extraction and design speed was 0, 358. The
mass [low at this condition was 1,05 times the design value, and this excess mass flow
indicated the desirability of a bladin adjustment. It was determined from the velocitv
diagram that was constructed from the ~xperimental data that the flow was underturned
in the sti.*or blade row and the rotor blade row by 1. 4%and 1, 70, respectively.



INTRODUCTION

In recent vears interest has increased in lift-fan engines for vertical and short
takeoff and :anding (VSTOL) aircraft. The NASA Lewis Research Center conducted a
study to evolve the preliminary engine geometry and evaluate an integral lift engine for
this type of applicztion; the results are reported in reference 1. The physical features
desired for this type of engine aie compactness, lightweight, and a high ratio of thrust
to engine and fuel weight. A requirement imposed on this engine by noise considera-
tions is that the fan tip speed must not cxceed approximately 305 meters per second
(1000 ft/sec). The combination of this requirement and the engine geometry rest:ic-
tions results in a fan-drive turbine that must develop its power at a relatively low blade
speed. The fan-drive turbine must then be designed either with a few stages (e.g.,

33 having a high stage .wading factor (ratio of change in tangential velocity to blade
speed) or with a large number of stages (e.g., 9 or 10) maving conventional stage load-
ing facters.

This report describes the design of a low-pressure or fan-drive) turbine that was
evolved for an integral lift engine.  The aerodynamic design was performed to generate
the blades for the three turbine stages. the inlet prewhirl vanes, and the outlet turning
vanes. The turbine mechanical design was conducted. and the turbine blading and cas-
ing pieces we e fabricated. The turbine was then modified to operate with axial inlet
conditions to the first stage by removing the prewhirl vanes und cutting back the leading
edge of the interstage stators. This modification was made in order to give the per-
formance results a more general significance and to make them comparable with those
obtained with other turbines designed with high stage loading factors. The modified
first stage was then investigated in cold air as the initial phase of the turbine perform-
ance investigation. The nominal inlet conditions of pressure and temperature were 1 33
atmospheres and 378 K 630° Ry, respectivelv. The turbine was operated at 80, 90,
100, 110, and 120 percent of design speed over a wide range of total-pressure ratio
(braketing design total-pressure ratio) at each speed. In addition to the turbine design
procedure, this report presents the performance results obtained with the first stage.
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area, m~; ft

blade chord, ¢m
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h specific enthalpy, J/g; Bu/lb
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blade length, cm
rotative speed, rpm
absolute pressure, N/m?; /a2

gas constant for mixture of air and combustiun products used in this investiga-
tion, 288 J/ (kg (K); 53.527 (ft-1b)/ @b) °R)

stage reaction, change in static enthalpy acioss rotor blade row divided by
stage total enthalpy change; for first stage Rstg = (Wg’ m- Wf'm)/
2((.' AV )
u, l-2 'm

blade row reaction, change in kinetic energy across blade row normalized by

outlet kiretic energy; for first-stage rotor R =1- (Wllw?_)2

m .-
radius, cm

blade spacing or pitch, em

temperature, K; °r

blade velocity, m/sec; ft/sec

absolute gas velocity, m/sec; ft/sec

gas velocity relative to moving blade, m/sec; ft/sec
mass-flow rzte (sum of fuel and air), kg/sec; 1b/sec

Zweifel loading coefficient; for first-stage rotor Z = (2 008 By g 510 O,y /
cos B; m) (S/Cx)m

absonlute gas flow angle measured from axial direction, deg

average absolute gas flow angle at turbine outlet, measured as average devia-
tion from axial direction irrespective of sign, used in eq. (%), deg

relative gas flow angle measured from axial direction, deg
rotor blade turning angle

ratio of specific heats, 1.398 for mixture of air and combustion products used
in this investigation

ratio of inlet total pressure to U.S. standard sea-level pressure

v/ (y=1)
function of y, (0.73959/y) [-(‘v + 1)/2] Y



n efficiency based on total-pressure ratio

ocr squared ratio of critical velocity at turbine inlet to critical velocity of U.S.
sta ‘dard sea-level air

7 torque, N-m; ft-lb
Subscripts:
cr condition at Mach 1

h turbine hub section

m turbine mean section

t turbine tip section

u tangential component

x axial component

0 station at turbine inlet (see fig. 9(a)}

1 station at stator outlet on velocity diagram
2 station at rotor outlet on velocity diagram
3 station at turbine outlet (see fig. 9(a))
Superscript:

' total state

TURBINE DESIGN

A candidate integral lift engine of 44 482-newton (10 000-1b) thrust was selectc.d
from a parametric computer-programmed study encompassing many engine cycle varia-
tions, component arrangements, and operational limitations. The computer program
selected the number of turbine stages, determined a turbine compoaent efficiency, and
defined the turbine operational requirements, envelope geometry (maximum diameter
and length), average stator outlet flow angle, and inlet and exit radius ratios. The sub-
ject turbine was designed to meet the operational requirements and to fit within or
closely approximate the geometric limitations from the program.



Design Requirements

The requirements of the 3%-stage fan-drive turbine at engine operating conditions
are as follows:

Specific work, Ah, J/g; Btw/lb . . . .. .. ... ... ... ... 180.16; 77.384

Mass flow, w, kg/sec; Ib/sec . . . . . . . .. . .. ... 26.23; 57.83
Mean blade speed, U, m/sec; ft/sec. . . . .. ... ... 122.9; 403.1
Mean diameter (all stages), m: ft . . . . . . ... ... .... e - .. 0.498; 1.634
Inlet total temperature, T}, K: R. . 1014.3; 1825.7
Inlet total pressure, pb, 1 1 2.6104
The equivalent requirements for the same size turbine are - s follcss:
Equivalent specific work output, Ab/Ocr, Jg Btw/lb. . . . .. .. .. 52.248; 22.445
Equivalent mass flow, ew‘locr/é. kg/sec; Ib/sec. . . . . .. .. ... 19.128; 42.17
Equivalent mean hlade speed, Um/ 0, m/sec; ft/sec. . .. .. ... 66.17; 217.1

These requirements result in a low-speed: turbine with c high stage loading factor (ratio
of change in tangential velocity to blade speed. AV‘./ U) of approximately 4

The turbine geometry evolved in the design procedure was used in the mechanical
layout and weight study of reference 1. The engine of reference 1 was scaled to in-
crease the thrust to 1. 25 times that of the can lidate engine; therefore, all the turbine
dimensions in reference 1 are 1.118 times thouse of the subject turbine.

Stage Work Split

An equal stage work split was considered desirable for the subject turbine for the
following reasons: The inlet velocity diagram of the {irst stage is not significantly dif-
ferent from those of the second and third stages since it follows the high-pressure (HP)
turbine in the engine. Also, there is no requirement for the third stage to operate with
zero or limited exit whirl since it is followed by the outlet turning vanes. Finally, be-
cause the Mach number level in the turbine is low and the critical velocity does not
change considerably from inlet to outlet, there is no ceason to consider an equal equiva-
lent work split, which is sometimes used to equalize Mach number among stages.
Therefore, an equal stage work split was used, and the velocity diagrams at tiie mean
radius were identical for the three stages.



Efficiency Estimation

The estimation of the efficiency of the turbine stages is an essential part of any
design procedure. The working fluid total state determination at the various stations
throughout the tu:bine is required to size the flow area properly. At the time thus tur-
bine was being designed there were no reliable experimental data on efficiencies of
large aircraft turbines with high stage loading factors. Smith's curve (ref. 2, e.g.)
shows no data above a stage loading factor of 2, 4 and only a few points above 2.0. In
the work of reference 3 a procedure was derived to predict the efficiencies of turbines
that have high stage loading factors. This method consisted of determining each blade
row loss as the product of an empirical loss coefficient and the average kinetic energy
of the fluid relative to the b’~de row. The loss coefficient was obtained from perfor-
mance results of turbines that had conventional stage loading factors (1 to 2). The
estimated efficiency trends obtained from this procedure are shown in figure 1(a). The
efficiency estimation procedure used in the design of the subject turbine was similar to

that of reference 3 except that the loss coefficient was ir.creased for conservative prac-
A tice, which resulted in the efficiency trends shown in figure 1(b). The estimated stage
efficiency used in the design was 0. 819 (for all three stages), which resulted in an
overzll three-stage turbine efficiency of 0. 829. The overall efficiency did not include
the loss of the outlet turning vanes.

In addition to stage efficiency, the distribution of loss within the stage between sta-
tor and rotor components must be estimated. This was done by assuming that the frac-
tion of total pressure lost in the stator blade row was equal to two-thirds of the fraction
of relative total pressure lost in the rotor blade row. The corresponding total-pressure
ratios for the stator and rotor blade rows were 0. 9777 and 0. 9665, respectively. This
loss distribution assumption, which was based on past experience of correlating experi-
mentai and analytically predicted turbine performance data, was used to size the stator
outlet flow area.

Velocity Diagrams

The velocity diagrams generated for the fan-drive turbine are shown in figure 2,
The velocity diagram for the HP turbine is included in the figure since the HP turbine
outlet conditions are the inlet conditions of the fan~drive turbinc. The subscript 1 de-
notes the free-stream conditions at the stator outlet, and the subscript 2 those at the
rotor outlet. The mean radius diagram is for a constant mean diameter, 0.498 meter
(19.607 in.), while the hub and tip diagrams represent varying diameters. The hub and



tip diagrams are shown for the diameter corresponding to the blade outlet throat mid-
point.
At the mean radius the velocity diagram closely approximates a symmetrical dia-
gram. which is characterized by the relations (Wz = Vl) and (al = -432) . The stage
m m

reaction Ry of the fan-drive turbine was increased slightly from that of a symmetri-

cal diagram. so that (vx p=1.023V_ 1) and (-wu p=1.015V, 1) . The radial
y : ] m ? m

variation of the velocity diagram was determined from the free-vortex relations of con-
stant axial velocity and absolute tangential velocity varying inversely with radius. The
velocity diagram of the fan-drive turbine does not pose any particularly severe prob-
lems such as high relative Mach number or excessive blade turning. The reaction
across the blade sections is reasonably high exceptin the first-stage stator tip section.
The most unusual feature of the diagram is the low blade speed, or the high rctio of
tangential velocity change to blade speed.

?

Blade Design

The cbjective of the blading design evolved to fit the velocity diagram of figure 2
was to obtain a lightweight turbine within the diameter and length allotted for this com-
ponent. The blade rows, except for the first-stage (or interstage) stator, had average
axial chords of 2.8 to 3.0 centimeters (1.1 to 1.2 in.) and resulting aspect ratios from
3.6 to 5.8. The first-stage stator was conceived as an engine frame (ref. 1) as well as
a transitionsl stator and had longer chord airfoils. The number of blades was deter-
mined by selecting Zweifel loading coefficients (refs. 4 and 5) of 0. 8 for the stators and
0.9 for the rotors. The stator blade axial chord was varied linearly with radius, and
ute result was a Zweifel loading coefficient that was nearly constant with radius for all
tiree stator blade rows. A similar attempt to equalize the blade loading coefficient
with radius for the rotor blading would have resulted in an inverse taper; that is, thce
lurgest axial chord would have occurred at the tip radius. Thus, a constant axial chord
was used for all three rotor blade designs because of mechanical considerations.

The blade scction stacking procedure is described in the section Blade Section
Stacking. However, part of the stacking information must be known or assumed for the
design procedure. First, the relative axial pocition of the three sections must be avail~
able to be used as input to the design procedure. Second. the blade must be essentially
radial (without tangential lean) so that the assumption that the blade exerts no radial
force on the fluid is valid.

The bla.'e channels were laid out at constant radii at hub. mean, and tip sections.
Curved suction surfaces were used upstream and downstream of the guided blade



channel. The blading inlet and outlet channel orthogonals were determined from the
free-stream conditions by using continuity and constant angular momentum relations as
discussed in reference 6. The blading channels had a conventional generally convergent
area variation, as shown in figure 3 for two typical sections. The design method was
Quasi~three-dimensional and is described in references 6 and 7. The velocity distribu-
tions for the blading are shown in figure 4, and the bla-ing passages and profiles are
shown in figure 5. The flow path projection in the radial-axial plane is represented in
figure 6, where the low radius ratio rh/ r, at the turbine outict (0.497) can be seen.

Prewhirl Vanes and Outlet Turning Vanes

The prewhirl vanes were required to simulate the flow conditions out of the HP tur-
bine. The outlet turning vanes were necessary to convert the whirl velocity out of the
third stage to axial velocity for useful thrust. Both sets of vanes were designed by using
reference 8 as a guide. The outlet guide vanes were designed with a diffusion factor
(ref. 8) of 0.4 at the mean radius. Double-circular-arc airfoils were used that had a
circular-arc mean camber line and a maximum thickness of 0.095 of the camber line
length. Carter's rule, as discussed in reference 8, was used for the deviation angle.

The prewhirl vanes were also double-circuvlar-arc airfoils with a circular-arc
mean camber line. The design procedure was similar to that for the outlet turning
vanes, except that a Zweifel coefficient was used to select the solidity rather than a dif-
fusion factor.

Blade Section Stacking

All the blading was defined by the section geometry at constant radii corresponding
to the hub, mean, and tip diameters of the blade rows. The !.:ade was formed by posi-
tioning the three sections and fairing a smooth surface through them. The stator blade
prewhirl vane, and outlet ur'wing vane sections were positioned so that the centers of
their trailing edge circles lay on a radinl line. The rotor blade sections were posi-
tionerd so that the line connecting their leading edges and the line connecting their trail-

?

ing edges lay in planes that were perpendicular to the axis of rotation. The sections
were adjusted tangentially to position their centroids in approximately the same radial-
axial plane. Becausn of the low operating blade speed and low blade stiress level, an
outer shroud was incorporated into the rotor blade designs to minimize the blade row
end losses. A number of features of the blading design are listed in table 1. The stage



reaction Rstg for all three stages is 0.54. The blade section coordinates are listed in
table L.

FIRST-STAGE MODIFICATION

The 3%-stage turbine was initially conceived as a component of an integral-lift en-
gine with prewhirl vanes to simulate flow conditions out of the HP turbine. While the
turbine parts were being fabricated, two turbines were being investigated under contract
(refs. 9 and 10). These contract investigations involved a three-stage turbine with an
average stage loading factor of 3 (ref. 9) and a 4%-stage turbine with an average stage
loading factor of 5 (ref. 10). Both of the reference turbines had axial flow entering the
turbine. It was therefore decided to modify the subject turbine for axial inlet conditions
to make the results more comparable with those of the reference turbines and with those
of future turbines with high stage loading factors. This procedure would eliminate the
variable of inlet whirl from the performance comparison.

The first-stage stator was accordingly modified by cutting back the leading edge to
such a degree that the mean camber line was oriented in an axial direction. The pre-
whirl vanes were removed, and the inlet duct was altered to provide a smoother area
change between the turbine inlet and the stator blade leading edge (see fig. 7). This
turbine inlet configuration is far from ideal since it is long and it diffuses the flow and
is therefore conducive to boundary layer buildup. It was, however, considered expe-
dient to modify the inlet in this manner rather than remachine the large turbine inlet
casing. The flow path fairings that were provided for single-stage tests were installed
at the turbine outlet. The tlow path of the modified single-stage turbine configuration is
shown in figure 7. The modified first-stage stator blade forms are shown in figure 8(a).
The velocity diagram and hlade surface velocity distributions for the modified blade are
shown in figures 8(b) and (c), respectively. The modified first-stage stator geometry
is presented in table II(i).

The efficiencies estimated in the design procedure for the iritial turbine configura-
tion were the following: stage efficiency, 0.819, and overall three-stage turbine effi-
ciency, 0.829, as discussed previously. The estimated 2fficiency for the modified first
stage was revised to 0. 857 (fig. 1(b)), since it operated as a first stage rather than an
intermediate stage. This change in estimated efficiency would require a small reduc-
tion in the blade row outlet areas for both the stator and rotor blade rows; however, the
blade setting angles were not changed, since this would er lail remachining the rotor as-
sembly and the stator retaining rings. The equivalent performance requirements for
the modified single-stage turbine were



Equivalent specific work output, Ah/# or® J/g, Ba/lb . L. ... ... 17.416; 7. 482
Equivalent mass flow, ew‘[l;/cs, kg/sec; Ib/sec. . . .. ... ..... 19, 128; 42.17
Equivalent mean blade speed, U, /0 or® m/sec; ft/sec .. .. ... 66.17; 217.1
Total-pressure ratio based on efficiency of €. 857, e e e e e e e e e 1.290

Some of the design features listed in table I for the first-stag> stator blade weve al-
tered by the geometry modification. For the modified fir-. .tage stator these features
were the following:

Mean radius blade chord, Cm, 63 ¢+ 4.4M
Mean radius solidity, C_ /S . .. ............... ... .. ..., 1.572
Aspect ratio, £/ S T 2.14
Zweifel Joading factor. . . . . . . . L L L. L L. e e e e e e 0.718
Reaction . . . . . . . . L . i i e e e e e e e e e e e e e e e e e e 0.656

APPARATUS, INSTRUMENTATION, AND PROCEDURE

The test facility was that described in reference 7. The modified single-stage tur-
bine test section is shown in figure 9(a). The research instiumentation is represented
in figure 9(b). The 3%-stage turbine rotor assembly is shown in figure 10,

The type of research data and the data acquisition methods are essentially the same
as those described in reference 7 and are reviewed briefly in this section, Airflow was
measured with a calibrated Dall tube, which is a special type of venturi meter. Fuel
flow to the turbine inlet-air heater was measured with a flat plate orifice. Both of these
flow measurements required an upstre:m temperature, an upstream pressure, and a
characteristic differential pressure, us specified by the {lowmeter. The turbine mass~
flow rate was determined as the sum of these two flows.

Turbine rotative speed was measured with an electronic counter that registered the
impulses as the teeth on a sprocket mounted on the turbine shaft passed a stationary
magnetic pickup. Turbine torque was measured as the reaction torque on the cradled
dynamometer stator with a strain-gage load cell. The load vell and the digiwal volt-
meter readout system were calibrated before and after each day's running.

The turbine was instrumented at three axial positions (fig. 9(a)). At the inalet to the
stator (station 0) the instrumentation consisted of six wall static-pressure taps, one
rake of five thermocouples, and two Kic] total-pressure probes, all located as shown in
figure 9(b). Three static-pressure taps were installed on the inner walls and three on
the outer walls in the circumferential locations shown in figure 9(b). The thermocouples
were used with a recovery calibration to yield turbine inlet total temperaturce. The five

10



thermocoup. e sensing heads were located ai the area center radii of five equal annular
areas. The iliel total-pressure probes were cont:ected to mercury manometers in the
control room; the manometers were used solely for setting and monitoring the desired
turbine inlet tctal pressure during tests.

At station | (see fig. 9(a)), between the stator and the rotor, the static pressure
was measured vy three taps on the immer shroud and three on the outer shroud slightly
downstream of the stator blade trailing edges and on the projected flow passage center-
line. These y'ressure measurements were ass'ned to indicate the average stator out-
let pressur at the hub and tip radii.

Turbin : outlet conditions were measured at station 3 (fig. 9(a)), located 1-% axial
rotor blace chord lengths downstream of the rotor blades. The instrumentation included
eight strtic-pressure taps and onrovisions for 10 flow-angle measurements. The eight
taps w_re located with four on both the inner and the outer walls, each sct being equally
spaced circumferentially with the corresponding inner and outer taps at the same cir-
cumferential position (fig. 9(b)). The 10 turbine outlet flow-angle measurements were
taken by using two actuators, each equipped with an angle-sensitive and self-alining
probe. The circumferential positions of the actuator axes were 13% stator blade pas-
sages apart. For each test data point, then, the probes were traversed radially to the
area center radii of five equal annular areas, and at each stop the indicated flow angles
were recorded. The observed 10 readings were subscquent’ nerically averaged,

Each item of research data information was converted electrical signal by an
appropriate transducer and transmitted to a 100-channel uat. recording system. The
recorded data and the necessary calibrations were then used as input to the computer
program to obtain the performance parameters. In addition, all the pressures were re-
corded by photographing a mercury manometer board. Mass flow indicating dati (tem-
perature and pressures), torque, speed, and flow angle were also hand recorded for a
munber of selected data points at design speed. These points were then manually com-
puted to verily the automatic daia recording system and the computer program.

The turbine was operated at nominal irlet conditions of 1.33 atmospheres and 378 K
(6800 R). The speeds investigated were 80, 90, 100, 110, and 120 percent of design
speed. At each speed data points were takcn over a range of pressure ratios bracketing
the design total-pressure ratio of 1.292.

The turbine efficiency was based on total-pressure ratio. The inlet total pressure
was calculated by using static pressure, mass flow, and total temperature as follows:

y/(y=1)

, 2
p; ,
0|1, 4/l y-1( w RT}) ()
Py |2 4+ 2gy pOAO
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The outlet tntal pressure was calculated simuarly; however, since the flow is not axial
at the outlet, the flow angle must be ircluded in the equation:

AR

(2)

The total temperature ’I‘é in equation (2) was d<termined from inlet total temperature,
turbine torque, speed, and mass flow. The angle a in equation (2) is the average de-
viation from the axial direction, irrespective of sign.

The data were faired to obtain the performance map in the following manner: “%he
data for each of the three experimentally obtained parameters, equivalent torque,
equi.alent mass flow, and outlet flow angle, were first plotted as functions of inlet
total- to outlet static-pressure ratio. Smooth curves were faired on these plots through
the experimenual data points for each speed. The p~rformance map was then construc-
ted by using the fair~d vaiue of equivalent torque, equivalent mass flow, and outlet fiow
angle for the particular total- to static-pressure ratio and turbine speed.

RESULTS AND DISCUSSION

This section includes the overall single-stage turbine performance, a comparison
with contemporary high-stage-loading-factor turbines, and a discussion of possible
blading adjustments.

Overall Stage Performancce

The experimental data are shown in figures 11 to 13 with equivalent torque €7/9,

equivatent mass flow ewﬁ’; /5, and outlet flow angle a shown as functions of the
total- to static-pressure ratio pb/ Py smooth curves were faired through the date
points in these figures, and the faired quantities were used to construct the perfor...ance
map, as discussed in the previous section. The maximum deviation from the faired
curves is within 1/2 percent for torque (fig. 11) and within 1/4 percent for mass flow
(fig. 12). The deviaton in flo.. angle (fig, 1?) is in most cases within 1/2°. The
equivalent torquc curves (fig. 11) indicate that the turbine did not approach limiting
londing ut any speed for the range of pressure ratio investigated. The fact that the

12



limiting-loading pressure ratio would be far removed from that cerrespording to design
work output would be anticipated for this design because of its low blade speed and low
blade relative Mach number. Design speciiic work output occurred at a total- to static-
pressure ratio of about 1. 56 at design speed. The equivalent mass flow curves (fig. 12)
shuw that the turbine choked at all speeds at the higher pressure rativs. The choking
mass flow was dependent on rotor speed, which indicated that the choking occurred in
the rutor blade.

The overali stage performance map constructed from the experimental data is
shown in figure 14. The efficiency varied from a low value of 0.80, which occurred at
80 percent speed at a total-pressure ratio pb/p:'z of 1.37, to a high value of 0.89,
which occurred at 120 percent speed at a total-pressure ratio of 1.27. A maximum or
peak efficiency vas not defined at any of the pressure ratios. At design eguivalent spe-
cific work output (17.416 J/g; 7.482 Btw/1lb), the highest efficiency obtained was be-
tween 0.885 and 0.89. The first two points of interest to be discussed are denoted in
figure 14 as A and B. Point A represents equivalent design specific work output at de-
sign speed, and point B represents equivalent design mass flow at design speed. The
turbine equivalent design specific work output (point A) occurred at an efficiency of
0. 858, which is very close to the revised estimated efficiency for the modified first
stage, 0.857. The mass flow at design work extraction was 1. 05 times the design
value. This excess mass flow can be noted in figure 14 by comparing the abscissa val-
ues of points A and B. The excess mas: flow occurring at design work extraction indi-
cates the desivability of a blading geometry adjustment. The points C, D, and F are
located in figure 14 at the specific work output values corresponding to the design stage
loading factor at 90, 110, and 120 percent of design speed, respectively. The line con-
necting these points (and point A) represents operation at the design stage loading factor.
At 90 percent speed (point C), the efficiency at the design stage loading factor was the
same as that at design speed, 0.858. At 110 and 120 percent of design speed (points D
and E), the turbine operated at the design stage loading factor with an efficiency between
0.865 and 0. 87. The highest efficiency indicated at the design stage loading factor was
0. 87, at approximately 116 percent of design speed at a total-prcssure ratio of 1,415,
The specific work output at this point was 1, 34 times the design value,

In summary, the performance results irdicate that the turbine achieved a maximum
efficienc; at the design stage loading factor of 0. 87 at 116 percent of design speed. Tkre
efficiency at design speed and design work output was 6. 858, The excessive mass flow
(1. 05 times design) at this condition indicates the desirability of a blading geometry ad-
justment,
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Comparison of Performance of Fan-Drive Turbine and Contemporary High-

Stage-Loading- Factor Turbines With Predicted Performance

As discussed in the section TURBINE DESIGN, at the time the turbine was designed
there were no experimental data available for turbines operatirg with high stage loading
factors from which to estimate efficiency. The estimating method used was based on
extrapolation of loss coefficients obtained from turbines operating with conventional
stage loading factors (below 2.0). Since the turbine was designed, however, experi-
mental results for high-stage-loading-factor turbines have been reported in references
9 and 10. The perfermance levels from the reference turbines are cited for an inlet
pressure of 1. 33 atmospheres in order to compare the reference results with those of
the subject turbine at approximately the same blade flow chanmel Reynolds number.

The turbine of reference 10 was a 4%-stage turbine with an average stage loading
factor of 5. This turbine achieved design work output at an efficiency of 0.845 at an in-
let pressure of 1.33 atmospheres. The overall efficiency was estimated for this tur-
bine by using the design stage loading factors (from ref. 10) and the estimated stage
efficiencies (from ref. 3). This estimated overall efficiency, not including the outlet
turning vane loss, was 0.847. The outlet turning vane loss in turn was calculated by
using ref. 8) to cause a decrease in overall efficiency of 0.004. When this loss is con~
sidered, the experimental performance is in close agreement with that predicted by
using referencec 3. The individual stage efficiencies, however, could not be determined
from reference 10 beczuse the investigation was limited to the one configuration, that of
the complete 4%-stage turbine.

The turbine of reference 9 was a three-stage turbine with an average stage loading
wctor of 3. The first stage of this turbine, which had a stage loading factor of 4.2,
was tested as a single-stage turbine. This configuration developed design work output
with an eiliciency of 0. 568 at an inlet pressure of 1. 33 atmospheres. The efficiency
estimated from reference 3 for this turbine stage was 0. 879, or about 1 point higher
(fig. 15). The reference turhine was als o run at increased inlet pressure tc determine
the effect of Reynolds number on performazcc. The efficiency obtained at the highest
inlet pressure (2, 67 atm) is also shown in figure 15. This increase in Reynolds num-
ber effected an improvement in efficicncy of slightly over 1 point, and the efficiency at
the highest inlet pressure was verv close to the predicted efficiency from reference 3.

The efficiency predicted from the reference 3 curve for the subject single-stage
turbinc was 0. 382, or 1.2 points higher than the maximum (0, 87) obtained at the design
stage loading factor (fig. 15). This result coincides closely with that obtained for the
similar type single-stage turbine of reference 9 at the inlet pressure of 1. 33 atmo-
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spheres. The subject turbine could not be operated at higher inlet pressure because of
facility limitations.

Blading Adjustment

Velocity diagrams were constructed from the experimental data for points A and B
on the performance map (fig. 14). In this procedure it was assumed that the average
flow conditions could be represented by a single diagram at the mean radits.\'{he\ex-
perimental quantities used were equivalent mass flow, average outlet flow angle,
equivalent specific work output, and total- to static-pressure ratio. The diagrams for
points A and B are presented in figures 16(a) and (b), respectively, and are compared
with the design mean radius diagram. The comparison indicates that underturning oc-
curred in both blade rows. The stator outlet flow wus underturned by 1.4 and that of
the rotor by 1. 7°. At the condition of design mass flow (fig. 16(b)) the velocity vectors
are smaller than design because they are oriented too close to the axial direction and
the necessary change in angular momentum of the flow is not developed. As the pres-
sure ratio is increased to produce design specific work (fig. 16(a)), the axial velocity
and the mass flow become too large. The conditions of design mass flow and design
specific work could be made to coincide (or very nearly so) by making the indicated
blade angle adjustments. It is felt that this would also cause the efficiency at design
work output to increase since the peak efficiency region would tend to fall closer to the
design point.

SUMMARY OF RESULTS
A 3%—stage turbine with a stage loading factor of 4 was designed t6 drive the fan of
an integral lift engine. The first stage of this turbine was investigated experimentally
in cold air. The following results were obtzined from the experimental investigation:

1. The highest efficiency obtained at the design stage loading factor was 0. 87,
which was indicated at 116 percent of design speed at a total-pressure ratio of 1. 4135,
The corresponding specific work output was 1, 34 times the design vaiue.

2. The efficiency of 0. 87 was 0. 012 lower than that estimated from a reference
prediction method. This result coincided closely with that obtained from a reference
single-stage turbine of a similar type when the reference turbine was operated at ap-
proximately the same Reynolds number,

3. The turbine efficiency at design speed and design equivalent specific work out-
put was 0, 858, The excess mass flow at this condition (1,05 times design) indicated
the desirability of a blading geometry adjustment.



4. The velority diagram constructed from the experimental work output, outlet
“ow angle, mass flow, and total- to static-pressure ratio indicated that the flow was
underturned in the stator blade row and the rotor blade row by 1.4° and 1.7°, respec-
tively.

5. The highest efficiency obtaired was 0. 89, which occurred at 120 percent of de-
sign speed at a total-pressure ratio of 1.27. A maximum or peak efficiency was ot
obtained for the range of test conditions covered.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 18, 1975,
505-04.
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TABLE 1. - PERTINENT FEATLRES OF BLADE DESI.N

Blade row Number} Blade | Blade | Solidity | Aspect | Zweifel Leading | Trailing | Reaction
of length. | chord at ratio, loading edge edge at
blades £, at mean / (:m coefficient | radius | radius, mean
cm mean radius, at mean | at mean cm radius
radius, Cm/sm radius, | section, R‘
Cm. z om
cm
Prewhirl venes 80 6.800 | 2.658 1.359 2.5 0.570 0.013 0.013 0.267
Stator 1 55 9_55 5.222 1.836 1.83 .780 -102 .063 176
Rotor 1 L 10.500 | 2.89% 1.797 3.62 . 901 .063 .038 .416
Stator 2 109 11.890 | 3.09% 2.157 3.84 .799 .051 .038 367
Rotor 2 7 13.172 | 2.89% 1.79% 4.54 . 901 .063 .038 .416
Stator 3 109 14.986 ! 3.09 2.157 49 .799 .051 .38 .367
Rotor 3 99 16.749 | 2.89%8 1.99% 5.78 . 901 .063 . 038 . 416
Qutlet tuming 69 16.749 | 2.883 1.272 5.81 — .013 .o13 -.376
vanes
TABLE lI. - T RBINE BLADE COORDINATES
@ Prewhirl vanes
'4—«*
* \6‘
\'L\ l'
\a
CX
,~ Axial direction
Scection | l.eading Trailing Axdal ﬁL. th., Maximum } Oricntation
radius, edge cdge chord. | om cm | thidness angle,
cm diameter, | diameter, Cx, at v,
cm cm cm midchord, deg
cm
21.501 0.025 0.025 2.565 | 6.025 | 3.663 0.127 17.33
24.901 . 0235 . 025 2.565 | 7.130 | %.993 .127 15.16
28.301 L0235 . 025 2.565 | 8.684 | 4.308 127 l 13.37




TABLE 0 - Coatinued.

ity First-stage stator (o) First-stage rotor

x. x, Hub l Mesn [ Tip
m cm
Section radtus, ¢
w127 | 2190 | 29.615 19685 I 2.9m l 30.151
UOrientation angie, ¢, deg Orientation angle. v, deg
25.20 2238 .25 . I 15.3 L a4
\‘L. \'l. \'L. \'l.. \'L. \‘c, Sacking 213 cuordinates, cm
om cm cm cm cm® cm
x-x.asl\'-o.en x=1.70) y=o.52| x=5.3n] y-0.4n1
° 0.102| 0.102| 0.102] 0.102] 0.102{ 0.102
aezjo s 0 2511 0 .24 i Y- YL Y- Y. Yo
305| 130 .ssif .1a4f .a72] .os4f _a2e cm cm cm m o el
So8| .272) 7701 39| .663| 198} .5m ° 0.048 0.0u8 0083 0.063 0.079 0.079
| 3ee] .ss| .as| Lem| .207] 739 - jpons s "3 “e12 “o1s “oe9
ons| ame|1.06s| .a3s| 1eaf .288| .s74 W -1%0 -478 -140 -429 -109 -378
1) sii|1as]| ses|1.0m7] 0| .ms 381 -308 -831 -6 - 361 -185 -49%0
Lol slisel sealr 6| .sanl o ces s08 .04 .49 .320 en .247 .584
s2e | ez2|1.227| Leor]1.229] eezfine 5| e . 389 759 300 8
177 e8| 1.232| o)1 z1s] .ess|i1.2m 762 536 ‘ez . “a26 ‘338 ‘708
1.0 ] e0l1.n7] 6s8]1.208] ess|1.2m 885 w07 - - 485 -871 s -7
2134 .630{1.281) .e83]1.303] .734|1.303 1.016 -G48 1.029 .51 .902 384 767
21337 eo7|1.1281 esaf1.2m| 357|1.32 L3y .en 1.049 -5 -n2 -3n TR
2560 57701 0s8| .s48|1.267] 767 1.322 1 270 o 1os2 = 01 389
2.743] 36| .se3] .630|1.227] .767|1.313 i 76 1o e ‘589 181 152
296 ) 485! swi .eo2!l1in) 157|128 1.524 -660 1.011 18 -858 m 726
s1s0| 42| sos| st2liana| 7er|1 %ss 1.651 .630 %8 495 818 .3: €%
33s3| 356 709 .s:3fro41! .709]1.2m 1.7 -5 %09 465 %7 133 Ll
3.556 | 2821 .602; .430| 63| .6i3}1.129 195 .su 838 a7 .709 ns 615
3.759| .206] 488! 442} .se1] e32f1.125 2 032 o = 84 o 287 ses
3.962| .127} .361] .3%4| 7%2| .se7|1.064 2.159 1 665 -333 -517 259 515
166 oaz| 220 .330] .eee| .su1| .om 2.286 s see a9 - 500 29 162
aoss| 00| 1857) oo~ 2.413 251 . 460 . Az 1% 408
1.348 1 063} 06 o | comon | soooe ) oo 2s0f ez 34 160 35 158 345
4369 [ f o 269} 5397 490 927 2 667 074 .3 o 241 14 s
4572 [mmmem | e | 203 4| a29] 48 279} — 00 M2 o4 -
4775 [mmmme | e | 135 376] 3841 .7 2.8 038 <038 R R R -
4978 | || 04| 254| 32| Lem 268 e | — 038 st eotl B
5 159 | ecaen ] ccee | 0 140 | mmmem | e 2 91 ——— ———— P L cones 030 . 140
5.182 | cmmae | comme | comen | wemee | 262|367 30| - — - ity 038 -0%8
.
5 222 ----;--- 063 ) 063 | —mee | meen
5 385 | emmmm e | e T e | 201 130
5 588 | cowme | comme | cocne | amaaa 1371 .84
5 791 — ora b s
6.027 —— 0 137
6 091 | emmnm | ommm 053 063
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i Sevond- stage stater

X 4

-~ Astal direction
z

TABLE DN

- Continued

Axtl direction =<

fut Sevond=stage rotor

X Hub r Mean i Tip
om
Sevtian radius, m
18,956 I 24 901 [ 30.846
Onentation angle, «. dey
14.% 15.35 12 2R
1. Yoo Y. Yo AR} ] i
cm cm om cm «m o
[} 0.051 10.051| 0.051{ 0.051] 0.051} v.05}
27 (053] (296 .046] .254) .040] .8
25 .163 466 -140 109 .7 .30
2381 .2s4| .597| .21 .538| .1851 .H6
. 508 .32 .69 .87 . 648 L2468 .338
.e35; .38 62 340 k.13 305, .63
L6821 415 .s04| .3s3 sos| 334 [3:]]
L889] 436 ) .s24] .47 39| .39~ 62
1.016 .3 .827 -439 89z 437 18
1.143 ] 438 | .812| _455] .907| .4%0] .se6
1.270 422 .e82] .42 Nz} 197 . 904
1.397 ] .39 | .733| .462| .904 517 .932
1.324 .38 673 A5 s86| .333 950
1.651 320 .599 47 a5 .55 958
1.7} 267} .513) .432 818 852 956
1.905 208 422 . 409 775 .554 B n
2.032 140 § 2187 387 2 349 L 23
2 159 064 201 .33 661 .16 07
2.286 | ——- 076 315 392 31 871
2.306 038 030 | emmme | comen | cammn | e
2,313 | e | e L2543 .33 L4935 al3
2.540 ) —emen | cmans .29 437 467 TRT
2 667 | cmmaa | o 178 76 34 LT
2.TH | cmmee | cmee L1124 292 9= N
2 N1 |- . 066 198 L3537 417
3. 046 | —emmm JEOUN | ("4 ne 532
3.096 | ~ceme loan.e .01 3% | ——m—- cmman
j B W7 J) [RE RN SRR SO, 267 ind
L R e T S U SR 1
EJET Y'Y [PUNEN SR S PR u,t) an
1 3% 107 ‘ IR
1 621 037 il
T %10 ———— aTn
T 828 | - e cmoma | ccmaa | ccaaa Yim [Ia1)

X Hub 1 Mean \ Tip
om
Section radius, m
Is. 315 l 24 30) ( 31380
Unontatian angle, .. deg
332 J 15.30 l 23 145
Strchang axis cooprditates. ¢cm
X-1.2%] ¥ 0663 X=1290)Y=032§X=1233|) = 0.384
‘L' Vi- e \\. LI \l.
cm cm em om cm om

0 0.043 0,043 0 062 Q.053 0. 0%4 0.084

120 L) | 300 ot Rirys (1154 351

254 205 dan 140 29 102 17

3Is1 f iad 637 236 351 1 1~

. 30m L429 .T6°7 a0 671 233 46

633 316 YR -9 .439 e

% 504 95 444 26 ar2

Y 540 1 024 i35 w71 3315
1.01o 623 1 ved 313 %02 L34
1.143 709 1.0%0 it 92 %
1.270 H 1.095 s Loy 2333 g
1.397 714 1,002 a3 w9 T3 o )
1324 690 1 057 518 ~5~ 333 o
1.631 671 1.011 195 ~1n 120 663
1.7%s 612 932 465 LIGY 102 027
1.903 L399 sl 2 09 L2e2 LY
2,032 513 TUm I [T 229 o
21530 Ik T04 138 aT 231 w3
2 I 136 597 279 500 20 432
2411 267 is2 21 22 17 10t
250 170 156 150 115 143 T4n
2 667 U7l 2= 0w 241 112 o7
2 TM | eemee | ceeea . 030 $2 [N 224
2 ~oT (18 uls | eeee- R U
BTV J——— §eeeee i Uny ! cmmae ] aecea

I
AT e B ' 0 (I35 \l ----------
|

2yt e : uit 197
[ e mmeee ] emewe [ amee- [LT3Y (11
IS ILA [ tmmem ) mmees | mmmes ] emeee [0y 0iw




) Third=stage sator

- Awual direcuion
7

TABLE I - Cuunued

Axial dircction =~

@ Third-stage rotor

X, Hub l Mean I T X, Hub ‘[ Mean T Tip
om om ‘
Section radius, cm Section mdius, cm
17.409 l 24.901 I 32.395 16.526 l 24.901 ‘ 33.275
Orientation angle, <, deg Orientation angie, ¢, deg
14.08 15.35 11.32 3.04 l 15.30 l .51
\‘L Y,.. Y. \’l.. \‘L. ‘.'l.. Stacking avis coordinates, cm
<m om ocm cm om cm
X=1.38) vy=-0696|X=1.270| y=0.526] x=1.384|veo.245
° 0.051] 0.051} 0.051f 0.051] 0.651} 0.051 - - - -
x| .os3) .302| o] 254] .ea) .200 Yy Yoo Yp. Yo Y. Yo
L254) e} 472 .140] .s08] 107] .318 m om cm cm m m
381 en o &es| .am| L3381 73 419 e 0.038 0 a3 0.061 0.063 0.c89 0.089
5081 .342 } 6%i 27| e8] 234 a3 2 076 e 033 72 005 1
easl asdd 7ssl mel izl asel e 254 208 188 140 .429 . 086 363
762 .e27)  7e7| .383| .sos] 243 .ees -381 -333 643 6 -561 155 *o
sse| aas| .eeo| _aa7| .ese} .3sef ¢ Saol IR -T2 320 <673 a1 -538
1.006] 442| 79| a9 es2! .az2| .7%0 . s . a9 139 57 94
1043 .aze] .7er] .ass| sor| .467] .sm 262 615 @0 s 628 254 618
1.270| 401 .724) .462] 92| s8] .ses 883 -633 1 046 -485 -89 -302 665
Lagr] s3] esel se2| sos| 526l 9.9 1.016 T4 1 0% .513 %02 310 .683
Lseal w0l 519l 451 ses| .sis| .sa7 1.143 741 1.128 .51 n2 310 668
1.651] .249] .483) 4477 .656) 564} .93 1.270 RN 1.138 .518 007 .305 .683
1.72] ars) Lams| 43| .mis| Lsm7| .emo - “rse 1130 “sx a89 o “&T1
1.905] .o97| .259| .408| .778] .se2| .96 1.524 iz 1.108 -S18 -858 -282 -850
12at zaa| 72| ses| sso 1681 4 1.062 1495 418 .267 625
035 168 69 82| .955 1.778 L673 1.001 25 .7 .254 . 597
~-—] .381) 663 59| .95 1.%5| 620 .925 A2 .709 .79 .564
-====| .315] .399) .se6( .922 2.032 .554 33 .384 645 .21 .528
2,413 | cmmanf ceee| oma| _sml|- sst| .se2 2.159 4TS 742 .313 at) .20 .488
. .
5 340 ~ ‘9| 57| sl e 2.286 .84 .632 279 . 500 183 a7
J
2608 | conne| | _20a| a17] s3. em 2,413 .287 .813 .21 A2 .160 401
2.667 | coooe| ~—oomf L138) 3T/ 4381 808 2.50] 180 R .160 .15 133 .355
AN memen| memmm) 12 202 365 LTS 2.667 069 .226 0% 241 L1098 .305
R [— w——| 06| 1| 427| .70 w0 104 - -— —— —
2 048 | eeeme| wemon| cceem!| 0] 388! 643 bed T b -010 -132 - 084 -249
3.096 | comme| mm=e| .038] .038| eeeen]| cmemm 2.7 .0 - 034 - so=ms - B
$ATS [ mmemn| mmme | emema | e 340 .612 2.860 \ —— ——— 0 .06 —— c—— |
3.102 sy e (2921 513 2.89 ; ceee | .03a 038 R ce—e
1,429 | <oomm v | o] emeee | L241] La42 2.921 i o= - 036 19|
o o
1.536 | cecen ORI BRI (O 198 | .a68 1. ““f | memmm | emee- - . 028 .132
2 A1 cmm—e momma!| comma| amemel L1321 L2900 347 l """ = b B R -081
3010 | cmemn| cmece]| cecce| veae=! .074] .206 L: INS | —omem | mmeee m==-- === - 034 - 038
YT 3 [P (R [N [ S, 17
4 016] acecc]| vemea]| cmmac| cemea] Lo03» 03s
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TABLE 0. - Countinued.

(h) Outlet tuming vanes

-~ Axial direction

u‘*
Scction | Leading T railing Axial GL, dll., Maximum | Orientation
radius, edge edge chord, cm cm thickness angle,
cm diameter, | diameter, Cx, at <,
cm cm cm midchord, deg
om
16.526 0.025 92,025 2.413 3.970] 2.080 0.255 19.68
24, 901 .025 .0235 2.7 6.810] 2.748 . 274 14.59
33.275 .025 025 3.175 | 10.969 | 3.569 . 290 11.4




TABLE 0. - Concluded.

() Modified first-stage stator

X, Hub Mean Tip
cm
Section radius. cm
20.127 24.901 29.675
Oreientation angle, @, deg
25.20 22.35 20.25
Yool Yoo f Yool Yool Y| Yoo
cm cm cm cm cm cm

0.538 | 0.665] 0.665

.610] .528) .838

.T11) .49 ] .92

798 | cmmmm | o<1 0,711} 0.721 | = | o

.813| .483]1.016

.864] .485)1.046| .579) .879| —==— | cowem

914 .49311.C59) .551| .932 | e | ~=—w=
1.016}1 .513]1.115] .531]1.021 | ——woe } conme
1.049 0.7651 0.765
1.118 4119 .53111.mMm7 .6401 .932
1.219| .572{1.181 .544]1.125] .594]1.024
1.323 | .592]1.201 .564]1.163 | .582(1.085
1.524] .622§1.227] .607)1.229]| .602)1.163

@) (@) (a) (a) (a) @ (@)
4.348 | .062 .063
5.222 | coomm fonee .063] 063 | ccmme | cmnma
6.091 . 063 . 063

2same as table N1).
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Stage efficlency

First stage
~——=— [ntermediate or last

stage

N
.”—
\\
\\\
80— ~
\\\
s | 1 1 1l
(a) Trends from reference 3.
R

R I 1 L L | )
3 4 5 6 7
Stage loading facror

®) Trends used in design of subject turbine.

Figure 1. - Comparison of trend of efficiency with stage
loading factor from reference 3 with that used in de-
sign of subject turbine.
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Ratio of passage vrthogonal length to that at throat
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Fraction of biade mdchannel 1'ow path
' Second-stage rotor mean section.
Fig.-~e 3. - Typic2' blade passage areqd variatiens.



Blade surface critical velocity ratio
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